marcescens. The expression of shUA was measured as a function of alkaline phosphatase activity, which increased threefold under iron-restricted conditions. Removal of the 5' noncoding region upstream of shUB in the fusion vector resulted in a 10-fold decrease in alkaline phosphatase activity under iron-sufficient conditions, with no effect of iron limitation on this residual activity. This suggested that the site mediating iron regulation of shiA expression occurs upstream of shlB. Consistent with this, we observed iron-regulated synthesis of the ShlB protein in Western immunoblots of isolated outer membranes. The hemolysin determinant was subsequently expressed on a medium-copy-number vector in fur+/fur isogenic strains of E. coli K-12, where a 10-fold-higher activity was observed in the mutant strain compared with the wild type. A sequence exhibiting some homology to the Fur-binding consensus sequence was identified upstream of the shlB coding region, overlapping the -35 region of a putative promoter.
Serratia marcescens, unlike the related Escherichia coli, produces a number of true exoproducts (14, 34 ), yet a hemolytic activity identified in this organism remains cell associated (7) . This is in contrast to the majority of bacterial hemolysins described to date, including the well-studied alpha-hemolysin of E. coli, which are released extracellularly (1, 30, 36, 37, (41) (42) (43) . Nucleotide sequence data indicate that two cistrons, designated shlA and shlB, are responsible for the hemolytic phenotype of S. marcescens (31) , and the products of these two loci have been identified (31) . Both polypeptides are present in the outer membrane (31) . The hemolysin has been identified as the product of the shlA gene (31) , although its activity is dependent on shlB expression (8, 31) . Like a number of cytolysins which lyse erythrocytes by a colloidal osmotic process (16, 20, 42) , the E. coli alphahemolysin included (3, 27), the S. marcescens hemolysin forms channels in target membranes (8) . In contrast to the alpha-hemolysin (33) , however, calcium ions are not required for lysis (7) and hemolysis by S. marcescens requires that the cells be actively metabolizing (7) .
A role for the S. marcescens hemolysin as a pathogenicity factor has recently been suggested (21) . Its stimulation of the release of inflammatory mediators (21) is, however, nonlytic and distinct from its hemolytic activity. Still, the ability to lyse erythrocytes may indeed be an important virulence determinant. Iron is an essential nutrient whose availability in the host is restricted owing to the presence of the iron-binding proteins transferrin and lactoferrin (9) . Thus, the ability to establish an infectioh is dependent, at least in part, on the ability to acquire iron. This ability is often enhanced by the production, in response to iron limitation, of iron-specific chelators, siderophores, and their membrane-associated receptor proteins (5), mediated in E. coli by the product of the fur locus (5, 17) . Lysis of erythrocytes with its concomitant release of heme-bound iron in hemoglobin, a usable iron source for a number of bacteria (15, 19, 29) , could provide an additional source of iron. The observed iron regulation of a number of bacterial hemolysins (12, 23) is consistent with such a role. In the present report we examine the influence of iron on the hemolytic activity in S. marcescens and on expression of the hemolysin genes. The data indicate that expression of the hemolysin is regulated by iron at the level of transcription, by a function related to the fur gene of E. coli.
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. marcescens W1128 is a wild-type strain of human origin (7) . E. coli K-12 JB1698 F-araD139 lac rpsL fiu::placMu, an MC4100 (11) derivative, and 1780, afur derivative of JB1698 selected by resistance to manganese (18) Plasmids. Plasmid pUC191 is a pUC19 derivative carrying the cloned S. marcescens hemolysin genes (8) . Plasmid pHW27 (pUC191::TnphoA-27 [8] ) was obtained by TnphoA (TnS ISSOL::phoA) insertion into pUC191, yielding an inframe fusion of the E. coli alkaline phosphatase phoA gene to the promoter-proximal part of the shlA gene. Plasmid pLG339, a medium-copy-number vector derived from plasmid pSC101 (38) , was used as the vector in the subcloning of the S. marcescens hemolysin genes and the shlA-phoA fusion. Details of vector constructions are outlined in Fig. 1 20 min. The hemolysis assay has been described previously (7) .
Cell fractionation and SDS-polyacrylamide gel electrophoresis. Outer membranes were prepared from isolated cell envelopes via differential solubility in Triton X-100 as described previously (35) . SDS-polyacrylamide gel electrophoresis was performed by the method of Lugtenberg et al. (24) , using 7 or 11% (wt/vol) acrylamide in the running gel.
Antisera and immunoblotting. The preparation of antiserum to the ShlB protein has been described previously (31) . Western immunoblotting of proteins separated on SDSpolyacrylamide gels was by the method of Towbin et al. (40) with modifications (31) .
RESULTS
An influence of medium iron levels on hemolytic activity in S. marcescens has been reported previously (7), and we were interested in studying this in more detail. Owing to difficulties in obtaining reproducible effects of iron levels on the hemolytic activity of bacteria grown in an M9 glucose medium, we chose to start with iron-sufficient L broth and make it iron deficient by adding the iron-sequestering compound 2,2'-dipyridyl or transferrin. The ability of both compounds to make iron unavailable to E. coli and S. marcescens in rich media has been demonstrated (6; K. Poole, unpublished results). S. marcescens cultured for three to four generations under iron-restricted conditions exhibited a three-to fourfold increase in hemolytic activity relative to cells grown in the absence of chelators (Table 1) .
To determine whether this enhancement of hemolytic activity was mediated at the level of gene expression, we subcloned the hemolysin determinant carrying an in-frame fusion ofphoA to the 5' region of the shlA gene into plasmid pLG339 and introduced the construct (pKP100, Fig. 1 ) into S. marcescens. We could then measure expression of the hemolysin gene as a function of alkaline phosphatase activity since we had previously demonstrated that this fusion generated an active alkaline phosphatase product (8) . Under conditions of iron limitation (plus 0.3 mM 2,2'-dipyridyl), a threefold increase in alkaline phosphatase activity over the iron-sufficient situation was observed (Table 2) . Nucleotide sequence data previously revealed two potential promoter sequences in the hemolysin determinant, one upstream of the shlB gene and the other upstream of shlA and overlapping the 3' end of shlB (31) . Only a single terminator, downstream of shiA, was identified, implying that expression of the shiA hemolysin gene might originate from two promoters. To assess the role of the putative promoter sequence upstream of shlB in the expression of shiA, we deleted the region upstream of shlB in the phoA fusion vector (to produce pKP1O1, Fig. 1 ) and examined the effect on alkaline phosphatase activity in cells grown with and without iron limitation. Strains harboring pKP1l1 demonstrated an approximate 10-fold decrease in alkaline phosphatase activity compared with the same strain carrying pKP100 (Table 2) , and the residual activity seen in this strain was no longer influenced by iron (Table 2) . Since the iron effect on hemolysin production seemed to be mediated at a site upstream of shil, we examined whether iron availability had any influence of expression of the shlB gene product. Indeed, Western immunoblots of outer membranes prepared from cells grown with and without iron limitation revealed that ShIB production was increased under iron-limiting conditions (Fig. 2) .
Iron regulation of gene expression in E. coli is generally mediated by the product of the fur locus (5). To determine whether expression of the S. marcescens hemolysin could be regulated by Fur in E. coli, we introduced the hemolysin determinant intofur+Ifur isogenic strains on a medium-copynumber plasmid (pKP102, Fig. 1 ). The strain carrying thefur mutation exhibited an activity 10-fold higher than that of its fur' counterpart (the percentage of erythrocytes lysed after 120 min of incubation with bacterial cells at 30°C was as follows [values representative of three experiments]: strain JB1698 (Fur'), 7.8; strain 1780 (Fur-), 71.6). Consistent with previous data, the fur strain carrying pKP100 exhibited an alkaline phosphatase activity markedly higher than that of thefur' strain harboring the same vector, and this difference was abolished in strains carrying pKP101 (data not shown). Examination of this upstream noncoding region revealed a sequence with some similarity to the Fur-binding consensus sequence (10) , which, interestingly, overlaps the -35 region of a putative promoter sequence (Fig. 3) . Construction of plasmids pKP100, pKP1l1, and pKP102. The 7.5-kilobase BamHI fragment of pHW27 carrying the intact shlB gene and upstream sequences, the shlA-phoA fusion, and the Kmr determinant of TnphoA (26) was cloned into the BamHI site of pLG339 in the orientation opposite that of the Tcr promoter on pLG339 to give pKP100. The 6-kilobase HpaI-SmaI fragment of pHW27, lacking most of the noncoding sequences upstream of shlB but retaining the intact shlB gene, the gene fusion, and the Kmr determinant as described above, was cloned into the SmaI site of pLG339 in the orientation opposite that of the Kmr promoter on pLG339 to give pKP101. The 8.5-kilobase HindIII-EcoRI fragment of hemolysin plasmid pUC191 was cloned into pLG339 cleaved with EcoRI and partially digested with Hindlll to give pKP102. The orientations of all inserts were confirmed by restriction analysis. Details of the genetic organization and restriction map of TnphoA were provided by C. Manoil (personal communication). Abbreviations: B, BamHI; E, EcoRI; H, HpaI; Hi, HindIll; S, SmaI; Km, kanamycin resistance determinant; Tc, tetracycline resistance determinant; Rep, replication functions.
shlB resulted in both a drastic decrease in alkaline phosphatase activity and a loss of iron regulation. Thus, the major, if not sole, promoter for the expression of shiA lies upstream of shlB, and the hemolysin determinant is apparently expressed as a polycistronic message. An operator sequence capable of mediating the iron effect must also be situated in this region (see below).
The observation that the S. marcescens hemolysin determinant can be regulated by the product of the fur locus in E. coli is striking. It implies that a similar function operates in S. marcescens. Indeed, a selection procedure forfur mutations in E. coli based on manganese resistance (18) has been used to isolate iron-deregulated or fur-type mutations in S. marcescens (8) . Additionally, despite the almost 10% difference in mean G + C content of the two organisms (E. coli, 50% [22] ; S. marcescens, 59% [28] ), a sequence recognizable by the E. coli Fur protein is present in the hemolysin determinant, itself exhibiting a G+C content of 65% (31) . Despite its regulation by iron, the hemolytic activity of S. marcescens cultured in iron-rich L broth is noticeably high. Certainly, a number of iron-regulated outer membrane proteins identified in this organism show a more marked repression in synthesis going from an iron-limiting to an iron-rich environment.
Furthermore, hemolysin activity (this study) and hemolysin gene expression (unpublished data) in afur E. coli strain, which will be fully derepressed as far as iron is concerned, is still significantly less than that seen in S. marcescens cultured in iron-rich L broth. These observations suggest that additional influences on the expression or the activity or both of the hemolysin may function in S. marcescens.
